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Abstract. Language competition models help understand language shift dy-
namics, and have effectively captured how English has outcompeted various
local languages, such as Scottish Gaelic in Scotland, and Mandarin in Singa-
pore. India, with a 125 million English speakers boasts the second largest num-
ber of English speakers in the world, after the United States. The 1961-2001
Indian censuses report a sharp increase in Hindi/English Bilinguals, suggest-
ing that English is on the rise in India. To the contrary, we claim supported
by field evidence, that these statistics are inaccurate, ignoring an emerging
class who do not have full bilingual competence and switch between Hindi
and English, communicating via a code popularly known as “Hinglish”. Since
current language competition models occlude hybrid practices and detailed lo-
cal ecological factors, they are inappropriate to capture the current language
dynamics in India. Expanding predator-prey and sociolinguistic theories, we
draw on local Indian ecological factors to develop a novel three-species model
of interaction between Monolingual Hindi speakers, Hindi/English Bilinguals
and Hinglish speakers, and explore the long time dynamics it predicts. The
model also exhibits Turing instability, which is the first pattern formation re-
sult in language dynamics. These results challenge traditional assumptions of
English encroachment in India. More broadly, the three-species model intro-
duced here is a first step towards modeling the dynamics of hybrid language
scenarios in other settings across the world.
1. Introduction
1.1. Motivation. Language competition is a central driver of diachronic language
change and shift [1]. Methods and ideas from statistical physics, evolutionary bi-
ology and game theory have been extremely effective in analysing the evolution of
Key words and phrases. Language competition, Mixed languages, Three-species food chain,
stability, Turing instability.
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languages, see [2, 3, 4, 5, 6] and the references within. Modeling of population-based
language shift (generally towards English) has also been the subject of intense in-
vestigation [6, 7, 8, 9, 10, 11, 12]. The statistical physics approach has recently
been in the forefront due to large amounts of digital information or “big data”,
that is now readily available to be analysed by such methods [13]. e.g., the google
books corpus, Twitter and Facebook. The availability of such data allows one to
analyze word frequencies across millions of words in various languages, and time
spans, in an attempt to fit various statistical laws to them [14]. This enables us
to rigorously infer how and in what capacity a language is changing. A language
could be changing due to competition at the lexical level, similar to intraspecies
competition [15], where individuals of a certain species, or genes in a gene pool,
compete amongst each other. For example, it has been suggested that at the lexical
level, competition between words proceeds similarly to gene selection [15, 16].
Languages also compete with other languages [6, 17, 18, 19, 9, 20]. Thus another
approach has been to consider language competition, similar to interspecies compe-
tition, such as two predators from different species, competing for a common prey
[21]. In this framework, many models have traditionally considered two competing
languages, each spoken by a Monolingual group, with the possibility of a Bilingual
group [6, 26, 22, 23, 24, 25, 29]. These models have been successful in replicat-
ing and predicting the dynamics of language competition and the resultant decline
of one language in specific contexts: English has out-competed Scottish Gaelic in
Scotland, Welsh in Wales and Mandarin in Singapore [8, 27]. In order to preserve
endangered languages, there has been very interesting recent work, using a control
theoretic approach [6, 26]. Incorporating the role of population size and geographic
distance on language competition [17, 28, 29] demonstrates that sociolinguistic fac-
tors strengthen the predictive power of models: language shift is a multifaceted
phenomenon.
However, language competition modeling is strongly oriented towards historically
completed changes wherein “good” models accurately match historical data, rather
than models oriented towards contemporary settings where the final outcomes are
unknown or undocumented. Furthermore, although there are some current models
that do consider local ecological factors [17, 18, 19], there are almost none which
address the types of challenges Indian language competition presents. For language
dynamic models to stay relevant, they must be able to handle real-world chang-
ing scenarios, and to adapt, when current modeling frameworks mis-predict. The
primary objectives of this manuscript are to:
• Provide a background for the modern Indian context, emphasizing why
current language dynamics models are innapropriate herein,
• Introduce new evidence/data which motivate the need for a mixed class in
modeling
• Introduce a new model that includes this class of mixed language speakers,
• Focus on three species type predator-prey dynamics,
• Model the urban/rural divide, operationalized via a refuge setting,
• Model intense competition for resources such as jobs among Bilinguals.
• Explore various diachronic scenarios based on the above.
1.2. Background. Modern day India is extremely heterogeneous, with a popu-
lation of 1.13 billion encompassing six language families, language policies which
dictate schooling in up to three languages, which are themselves embedded within
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a traditional caste system and emerging class system linking to language compe-
tencies and access. This paper thus focuses on a narrower setting within India,
the Hindi Belt, for several reasons. Hindi, an Indo-European language, arguably
holds more social power than any other indigenous Indian language as the planned
replacement for English in early post-colonial governance. While this was not real-
ized, Hindi continues to hold considerable sway as an imagined lingua franca [30],
and it continues to be both numerically and proportionally the largest indigenous
language community: 422 million (41% of the population 1) [31] . The Hindi Belt
is a swath across north/central India encompassing the capital, New Delhi, and
including a majority of the Indian population, in which Hindi has a stronghold
[32, 33]. More broadly, a large proportion of L1 Hindi speakers all over India, are
from these states.
1.3. Current language models and local ecological factors. The Hindi-speaking
population consists of Monolingual Hindi speakers and Hindi/English Bilinguals,
but, as Indian census data for 40+ years argues [31], a diachronically almost non-
existent Monolingual English speaking population. Thus a current language com-
petition model [22, 8, 9] applied to the Hindi Belt would be
dB
dt
= γBαMβ(1)
dM
dt
= −γBαMβ
where B,M stand for the numbers of Hindi-English Bilinguals and Hindi Mono-
linguals at a given time t, and where α ≥ 1 is a parameter that measures the dif-
ficulty of English to attract speakers, and β ≥ 1 is a parameter that measures the
resistance of Hindi to lose speakers [22]. α = β = 1 is a simple choice [9]. We would
provide suitable initial conditions drawn from census data, B(0) = B0,M(0) = M0.
Note, this model has only one stable fixed point (B∗, 0) (B∗ = B0+M0), and would
thus predict the extinction of Monolingual Hindi speakers. This is because, accord-
ing to current modeling hypotheses, speakers will shift from using Monolingual
Hindi to learn English and thus become Bilingual, given the higher status of Eng-
lish in India, see Fig. 2 A. However, this scenario is extremely unlikely, given that
nationally, 26% of rural Indians and 13% of urban Indians reside under the poverty
line [34] with almost no access to English, while the Hindi Belt arguably has ex-
perienced even less social progress, and hence would be driving these numbers,
with comparatively higher poverty rates (and less English access) [35], see Table
1. Collectively, these will prevent complete English acquisition within lower class
Hindi Belt communities, as language acquisition requires rich and sustained access
to linguistic material which is unavailable to these (largely) lower class populations.
Thus this socioeconomic factor —accounting for socioeconomic disparity —is not
reflected in (1) —making (1) an inaccurate model to predict language shift in the
Hindi Belt.
1The Indian Census is admittedly problematic: at times, numerous other codes have been
treated as dialects of Hindi, rather than as distinct languages, a political move arguably accom-
plished to bolster the purported strength of Hindi. Meanwhile, 2011 Census findings related to
speaker strength at both the national and state level remain unavailable at the time of submission
(Summer 2015).
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% of rural population BPL % of urban population BPL
India as a whole 25.7 13.7
Bihar 34.06 31.23
Jharkhand 40.84 24.83
Uttar Pradesh 30.4 26.06
Madhya Pradesh 35.74 21
Table 1. For India as a whole and a sample of four Hindi Belt
states, the poverty rates (% below the poverty line: BPL) are
higher in rural settings. Note, these Hindi Belt states have higher
poverty rates than the national average.
Poverty and English access also link to urbanization: unlike other developed
nations, India’s very low urban ratio (projected to remain under 45% in 2030 [36])
provides a rural setting which blocks, or at least hinders English access, acquisition
and ultimate growth [37]. This urban/rural divide of the Indian population, in
conjunction with limited rural migration into urban centres [36], is an important
local ecological factor which we will draw on in modeling, as a refuge setting that
restricts English development. While this is not the first work to introduce a refuge
setting [17, 38], the Indian setting requires further considerations, discussed next.
However, before addressing these note that this factor —accounting for a strong
urban/rural division —is not reflected in (1) —making (1) an inaccurate model to
predict language shift in the Hindi Belt.
Language competition models do not typically examine factors which would pro-
voke the demise of English in the local setting. However, making sense of Indian
census data requires considering this possibility, and ecological factors which would
support limited English development —or actual loss. We draw on national age de-
mographics: India is a very young nation [36], wherein job competition —already
fierce—is likely to have a larger effect in the near future, as youth reach productive
working age. We hypothesize that jobs, as a limited resource, may link to language
competencies in the following ways: speakers who lack English competency will be
at a disadvantage in job competition, which would perpetuate any poverty, rural
living, and limited education; speakers who acquire English competency for the
job market, but fail to secure a position which uses this language skill, will see a
diachronic loss in their English competency, and will be less likely to pass English
on to their children. Collectively, these encapsulate our interpretation of how there
may be a loss term associated with the Bilingual Hindi/English class, and they
are supported by development projections, which argue that increased economic
growth puts less skilled workers out of work, thereby increasing the poverty [36].
Since there is clearly no loss term for the Bilingual in (1), it again is an inaccurate
model to predict language shift in the Hindi Belt.
1.4. Mixed language practice. Another practical and theoretically under ex-
plored issue which motivates the current modeling effort involves the type of lan-
guage practices found in the Hindi Belt. While traditionally dismissed as rare
and unnatural, contemporary language evolution research argues that language hy-
bridization is a common process [1, 39]. Supporting this,“profound and widespread”
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horizontal language contact is historically attested in India [40]. Contemporary lan-
guage hybridization is also visible in unmarked code-switching (alternating between
two or more languages in a single conversation) between English and regional Indian
vernaculars. In the Hindi Belt, Hinglish is the most prominent form of hybrid com-
munication. “Hinglish” is a colloquial umbrella-term [41, 42, 43] spanning isolated
borrowings (1) indigenized Indian English forms (2) within otherwise Monolingual
Hindi or English, to rich code-switching practices unintelligible to Monolingual
Hindi or English speakers (3).
1. Jahan unka transfer hua tha (Where he was transferred to.)
2. Rahul, tension mein hain (Rahul is tense.)
3. Don’t think wo capable hai based on again jo tum padh sakte ho, wo kaisa hai
real life mein kabhi nahi pata chalega (I don’t think he was capable, based on what
you can read about him/that, you would never know how he is in real life.)
We refrain from locating Hinglish as a creole or as an established fused lect
[1, 44, 45, 46]. It thus contrasts to Nagamese, an Assamese lexified pidgin-turned-
creole found in Nagaland and Indo-Portuguese, a creole found in Southwestern
coastal India and Sri Lanka [47]. Hinglish commands national and international
recognition, is used across a range of genres and mediums, e.g. informal discourse,
popular handbooks, fiction novels, advertising, TV shows and films [41, 42, 43, 48,
49], and demonstrates nascent codification efforts [50]. Ideologically, it indexes a
middle ground between upper and lower classes, values and broader dispositions, as
a modern but locally grounded way of presenting oneself, while this positive value
is challenged by purists [41, 30]. Some urban elite youth, canonical Bilinguals per
census reports, even consider Hinglish their mother tongue and claim only limited
Monolingual Hindi competence [30].
Hinglish, as the most socially prominent of emergent hybrid codes in the Hindi
Belt setting, is potentially affecting the most widely spoken indigenous language,
Hindi, yet it is not accounted for within census reports. Census reports may in-
stead be providing a false perspective of contemporary language competition and
linguistic vitality in the Hindi Belt. Thus a realistic language competition model
for the Hindi Belt must take this class of Hinglish speakers into account. However,
this is not reflected in (1), exposing another way (1) will mis-predict Hindi Belt
language dynamics.
As a first step in building an accurate language competition model for the Hindi
Belt, we need to consider three interacting classes of speakers, isolating from the
traditional, census defined, Hindi/English Bilingual population a sub-population
who do not speak Monolingual Hindi and/or English, and who should be reclassified
as Hinglish speakers. Thus we define
• Monolingual Hindi class: Can produce Monolingual Hindi, English re-
stricted to limited inclusion of established indigenizations and loanwords.
• Hindi/English Bilingual class: Can produce Monolingual Hindi and Mono-
lingual English.
• Hinglish class: An urban sub-population who cannot produce Monolingual
Hindi, and/or Monolingual English, only Hinglish.
We beleive these classes are behaving similar to a three species food chain [51],
see Fig. 2.
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2. A two species ODE model
As pointed out earlier the problems with applying (1) to the Indian scenario are
that
• The only stable fixed point is (B∗, 0), or extinction of Monolingual Hindi
speakers, which is unrealistic.
• The lack of considering local ecological factors, such as Bilingual competi-
tion and the existence of a Hinglish class of speakers.
For the time being we will not consider Hinglish speakers. Assume that there are
only Hindi-English Bilinguals and Hindi Monolinguals in the Hindi belt [52]. What
might a reasonable model for the language dynamics be, given that (1) is not apt?
The critical problem in (1) is that there is no “loss” term in the equation for the
Bilingual. They only gain speakers as the Monolinguals loose speakers, resulting in
Monolingual extinction. However, competition in India is intense, essentially due
to a huge population, and only limited resources. Jobs in almost all prestigious
sectors require English proficiency, hence Bilingual status and competition solely
within this class. This needs to be reflected in a reasonable model.
2.1. Derivation, equilibrium and stability. We propose the following model
to describe the language dynamics between Hindi-English Bilinguals and Hindi
Monolinguals in the Hindi Belt region of India,
dB
dt
= B
[
εM
B +M
− d2B
B +M
]
(2)
dM
dt
= M
[ −εB
B +M
+ 1− M
K
]
We assume that the gain or loss of speakers to a certain class occurs by direct
interaction between the speakers of that class with the proportion of speakers of the
other classes, in the whole population. We are modeling change within speakers,
though it’s only allowed for the Bilingual and Monolingual classes. The Bilingual
class gains speakers from the Monolingual class according to the direct product
B ×
(
M
B+M
)
, the rate of gain is measured by the parameter ε. Here we model this
horizontal transmission term B ×
(
M
B+M
)
, according to the forms derived in [53].
Furthermore, we model the extreme competition among Bilinguals via a loss term
given by B ×
(
B
B+M
)
with the rate of loss measured by the parameter d2. Note
this competition term depends on the number of Bilinguals in the population, thus
if there were very few Bilinguals,
(
B
B+M
)
would be small, hence there would be
very little competition, however this is not so due to the large number of Bilinguals
suggested by census reports. The Monolingual class only looses speakers to the
Bilingual class according to direct product −B ×
(
M
B+M
)
, but the Monolinguals
are also logistically controlled.
The model (2) has steady states (0, 0), (0,K) and (B∗,M∗). (0,K) is unstable.
The non trivial equilibrium point is given by (B∗,M∗) = (αM∗,M∗), where α = εd2
andM∗ = K[1− ε2d2+ε ]. For positivity/feasibility of the equilibrium point we require
1− ε2d2+ε > 0.
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Further we find the equilirium point (B∗,M∗) is locally asymptotically stable if
d2 < ε
2. This is seen by applying the Routh Hurwitz criterion for stability [54].
The Trace(J∗) = −
[
d2B
∗M∗
(B∗+M∗)2 +
M∗
K
]
< 0. Thus for stability we require the
determinant to be positive Det(J∗) = (d2+ε)αα+1
[
M
K + (
αε
α+1 )(
1
(α+1)2 − 1)
]
, and this
will be positive if M
∗
K +
εα
α+1 (
1
(1+α)2 −1) > 0, or equivalently if 1− ε
2d22
(ε+d2)3
> 0. Using
this in conjunction with the feasibility conditions, gives the requisite condition.
2.2. Model fitting to census data. To validate the robustness of our ODE
model, we try and fit it to the actual Indian census data. To this end we use
a nonlinear optimization routine. We find that parameters d2 = 1.81, ε = 1.092
best fit the Indian census data given in table 2. The total error here is 0.3784. The
best fit is shown in Figure 1.
Note, we do not agree that the language dynamics in India are evolving accord-
ing to (2), instead rather like (3) – discussed next – due to the presence of Hinglish
speakers. Fitting (2) to real census data is important for model building, as well
as to have certain base parameters around which we can vary parameters and run
simulations to explore various diachronic scenarios. Moreover, before introducing
a Hinglish class, it is necessary to prescribe the correct dynamics between Mono-
lingual Hindi speakers and Bilinguals, taking local ecological factors in India into
account.
Year Bilingual Population Monolingual Population
1961 3800000 187000000
1971 8500000 237000000
1981 17000000 300000000
1991 29000000 381000000
2001 35000000 473000000
Table 2. Bilingual and Monolingual population numbers from
the Indian census data 1961-2001. The 2011 census data is still
not available publicly.
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Figure 1. Simulations from our model (2) that best fit the Indian
census data. The dots are the actual data from the census, while
the solid lines are the output from our model (2). The scale in
the top panel y-axis is 1 unit = 1 million. While in the bottom
panel y-axis it is 1 unit = 100,00. Note again that the key novelty
in (2) is that competition among bilinguals is introduced. While
the model fits the monolingual class census data extremely well, it
does not fit the bilingual class census data as well.
3. Sociolinguistic evidence for “Hinglish”
We next present 3 types of field data that concretely point towards the existence
of a Hinglish class, and demonstrate a rural refuge setting. We use this data to
hypothesise certain interactional trends, which we then use to build a mathematical
model that incorporates both this Hinglish class and a rural refuge setting, and
explore its various diachronic outcome scenarios. We will demonstrate the presence
of a Hinglish class and investigate their interactional trends with authentic data
from the Indian media as well as independent sociolinguistic interviews that we
conducted.
3.1. Field Evidence collection methods. Three types of spoken language data
were examined, 2 complete seasons of Bigg Boss (BB) reality show data (2011-12),
26 rural NDTV interviews (2000-2006), and 24 sociolinguistic interviews conducted
by the authors (2013). Given that lexical access is first and most severely affected
in language attrition [55], we focused on the lexical level as a benchmark for sepa-
rating hybrid code-mixing from Monolingual practices (i.e. un-established English
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lexical insertions). For BB and sociolinguistic interview data Hindi and English
words were tallied following standard orthographic conventions, excluding estab-
lished forms, including borrowings, e.g. report, police, telephone, photo; attested
mixes e.g. [relgari], railway car, with rel- a historical borrowing from English rail
that has undergone phonetic and morphological indigenization to be combined with
the Hindi term gari or car; and indigenized Indian English terms, e.g. timepass,
not attested outside of India. The NDTV results included established borrowings,
mixes, and indigenizations in order to explore the degree of English encroachment
into purportedly Monolingual Hindi settings.
Bigg Boss: We examined, from seasons 5 and 6, the 32 contestants who were
on the show from the first episode of the season, and the mysterious Bigg Boss who
appears by voice only. Cumulatively, 7,843 English words were used across the two
seasons [Season 5: 4,221 English words, Season 6: 3,622 English words]. In Season
5 the 17 contestants averaged 248 English words each across the 14 episodes [SD
= 194, Range = 26-748] while in season 6 the 15 contestants averaged 226 English
words across the 14 episodes [SD = 147, Range = 22-448].
Sociolinguistic Interviews: We conducted brief (5-15 minute) sociolinguistic
interviews with 24 north Indians from a range of socioeconomic backgrounds who
all 1) acquired Hindi at home, and 2) report Hindi/English Bilingualism per census
criteria. Informants were explicitly instructed to respond only in Hindi, via infor-
mal prompts (e.g. childhood, opinions on familial decisions and options in India,
sports and pop media) targeting participants who self-assess as Hindi-English Bilin-
guals per census criteria. Ethical consent preceded data collection; interviews were
digitally recorded and then orthographically transcribed. Based on total (Hindi
and English) word count [Mean = 995.33, Range = 172-1963, SD = 456.55], all
of these purportedly Hindi/English Bilinguals used some English for this focused
Hindi-only task: on average, English comprised 18.26 % of each response (Mean =
171.37, Range = 3-444, SD = 125).
NDTV: 26 NDTV-conducted interviews (2002-2006) were examined, resulting
in 14 episodes of viable data from the rural Hindi Belt, within which, the 68:04 min-
utes of speech by 189 rural Hindi villagers yielded only 80 English words. Moreover,
all of these were historical loans and/or established borrowings.
3.2. Interpretation of Field Evidence. The popular Indian reality TV show
Bigg Boss [BB] is based along the same lines as MTV Real World in the US, and
Big Brother in the UK. BB is ostensibly Hindi-only, with repercussions for Eng-
lish transgressions, and thus represents authentic language/speech within a context
encouraging and overtly valuing Monolingual Hindi. Given the rules of the game
show and background demographics, all contestants should have been able to speak
in Monolingual Hindi. However, a tally of English lexicon revealed zero contestants
who were able to consistently produce Monolingual Hindi, while Bigg Boss, who ar-
guably has the only scripted role as taskmaster, produced Monolingual Hindi. The
following interactional patterns were uncovered, which are useful for modeling.
1. Hinglish speakers, who are defined as such based on their language, did not
deviate from mixing, whether speaking to a Bilingual (regardless of whether their
interlocutor is code-switching or not) or a Monolingual.
2. Likewise, Bilinguals andMonolinguals code-switched when speaking with Hinglish
speakers, and did not produce Monolingual Hindi. The Monolingual Hindi speakers
demonstrated increased single word English insertions when speaking with Hinglish
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speakers, compared to when they were speaking with a Bilingual producing Mono-
lingual Hindi (such as with Bigg Boss) or amongst themselves. The Bilingual did
the same, moving toward more mixed practices when interacting with Hinglish
speakers.
3. Bilinguals and Monolinguals were able to produce Monolingual Hindi when
speaking with other Bilinguals and Monolinguals: their code-switching was condi-
tioned.
To confirm the above practices we conducted brief sociolinguistic interviews with
24 census reporting Hindi/English Bilinguals from the Hindi Belt, from a range of
socioeconomic backgrounds, who were explicitly instructed to respond only in Hindi.
We did not uncover a single speaker who produced Monolingual Hindi. Instead all
our subjects exhibited Hinglish: on average, 18.26% of their speech was in English.
This data confirms that a subset of self-reporting Hindi/English Bilinguals are
actually Hinglish speakers.
Since these BB participants and subjects for the sociolinguistic interviews were
all from urban settings, and access to English is unequal across rural and urban
India, we next explored contemporary televised rural data from NDTV, a well
known news channel in India. In these, Bilingual NDTV correspondents travel to
rural Hindi Belt villages (some extremely segregated) to speak with lower class and
minimally educated villagers. The 189 villagers interviewed produced Monolingual
Hindi. English was only uncovered in single word historical indigenizations and/or
technology/government terms (e.g. police, telephone) which are established loans
into Hindi for all speakers. This field data demonstrates that rural Hindi Belt vil-
lagers meet our Hindi Monolingual definition. The field evidence for three classes
and specific interactional patterns, in conjunction with predator-prey, sociolinguis-
tic and evolutionary linguistic theories, were used to develop principles for modeling
Hindi Belt language dynamics, discussed next.
3.3. Mutation, linguistic innovation, fitness and refuge. In evolutionary bi-
ology a mutation is defined as any alteration in a gene from its natural state, wherein
fitness is defined as the ability of a species to survive and reproduce [56]. Exemplar-
based theories of cognition and language change [1, 57, 58] offer a means of under-
standing the emergence of mutations (innovations) within language shift and have
been incorporated within recent language dynamics modeling of two-class competi-
tion [59, 60, 61]. Hybrid languages, while never incorporated into population-based
shift models, are suggested to have fitness distinct from traditional languages [20].
It has also been suggested that at the lexical level, competition between words pro-
ceeds similarly to gene selection [15, 16]. Interactionally, the audience design model
of speech accommodation [62] interprets individual situations of language perfor-
mance as primarily related to the addressee and the speaker’s socio-interactional
goals. Style shifts towards the addressee’s language (convergence) are a resource
for showing shared background, affiliation, and perspective (empathy), while diver-
gent style shifts signal the opposite. Prestige also plays into contexts of potential
convergence, such that speakers shift towards the code of the higher prestige group
if that code is available to them. We draw on these to hypothesize the following
cross-class interactional and diachronic outcomes.
I) Interlocutor, Prestige and Fitness Hypothesis
1) Monolingual Hindi speakers who wish to show affiliation with the identity, back-
ground and outlook associated with Hinglish (higher prestige, more modern) will
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synchronically shift towards Hinglish when interacting with Hinglish speakers. Re-
gardless of whether Monolingual English is seen equally or more prestigious than
Hinglish, this is their only shift-based option, limited English insertions, given lim-
ited English access. Diachronically, Hindi Monolinguals’ interactions with either
of the other two classes will lead to Hinglish conversion, over Bilingual conversion,
again because of limited English access.
2) Hinglish speakers, because they lack full proficiency in Monolingual Hindi and
English, will synchronically demonstrate no shift-based convergence to Monolin-
gual practices with interlocutors using Monolingual Hindi or English, and because
of relative prestige (fitness), they will not diachronically convert to Monolingual
Hindi status.
3) Hindi/English Bilinguals, when interacting with Hindi Monolinguals, may syn-
chronically shift to Monolingual Hindi but will not diachronically convert to the
Hindi Monolingual class given the prestige and tangible job advantages their Eng-
lish competence offers.
The Indian urban/rural segregation is also a salient ecological factor mediating
Hinglish adoption [63]: the rural NDTV data demonstrates Monolingual Hindi,
suggesting that despite a lower fitness, Monolingual Hindi can be maintained. We
explain this maintenance despite lower fitness by defining the rural setting as a
refuge, akin to prey refuges [64] from predator-prey literature. Given that there is
a fair amount of Hindi-speaking rural migration to urban areas, in search of work,
we adopt the the refuge concept and hypothesize:
II) Rural Refuge Hypothesis
1) Hindi Monolingual conversion to the Hinglish class is contingent upon migration.
The Hinglish speaker, as an urban dweller, only has access to maximally influence
the percentage of Hindi speakers who are urban immigrants, who migrate from
their villages mostly in search of work.
2) The remaining Hindi Monolinguals who do not leave their villages are “protected”
(a rural refuge) from interactions and fitness-based conversion and thus maintain
Hindi Monolingual status.
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Figure 2. Fig. 2 A demonstrates what is traditionally believed
about language practices in India, as reported via census data, with
movement from the Hindi Monolingual class to the Bilingual class,
given the higher prestige of English in India. Fig. 2 B demonstrates
what we believe is actually taking place. The population is be-
having similar to a three-species generalist top predator-specialist
middle predator-prey food chain [51]. The Hinglish speaker (the
top predator), due to his greater fitness (demonstrated here with
thicker arrows) has climbed to the top of this chain. He can convert
Monolinguals (the prey) to acquire Hinglish in a much shorter time
than it takes Bilinguals (the middle predator) to convert Monolin-
guals to acquire English, and thus become Bilingual. Given that
many Monolinguals lack the resources for complete English uptake,
they will never become Bilingual but are able to learn a number of
English words, hence become Hinglish speakers. Note that rural
Hindi Monolingual Indians who remain in their villages are in a
refuge, thus protected from Hinglish predation.
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4. A three species ODE model incorporating Hinglish speakers
4.1. Formulation. Based on the above hypotheses, and support from past mod-
eling efforts [29], we develop an ODE model to represent the dynamics of the Hindi
speaking Indian population. We consider three distinct classes of individuals in
the population, M,B and H , respectively the number of Hinglish, Hindi/English
Bilingual and Monolingual Hindi speakers.
dH
dt
= H
[
ε1aM
H +B +M
+
a1B
H +B +M
− d1
]
= Hg1(H,B,M)(3)
dB
dt
= B
[ −a1H
H +B +M
+
εM
H +B +M
− d2B
H +B +M
]
= Bg2(H,B,M)
dM
dt
= M
[ −ε1aH
H +B +M
+
−εB
H +B +M
+ 1− M
K
]
=Mg3(H,B,M)
We assume that the gain or loss of speakers to a certain class occurs by direct
interaction between the speakers of that class with the proportion of speakers of the
other classes, in the whole population. Thus the Hinglish class gains speakers from
the Monolingual class according to the direct product H ×
(
M
H+B+M
)
, the rate of
gain is measured by the parameter ε1. Here we model this horizontal transmission
term H ×
(
M
H+B+M
)
, and others, according to the forms derived in [53]. The
parameter 0 ≤ a ≤ 1, models refuge for the Monolinguals. That is a measures what
proportion of the Monolinguals will be susceptible to interaction with the Hinglish
speaker. Likewise the Hinglish class also gains speakers from the Bilingual class
according to the direct product H ×
(
B
H+B+M
)
, the rate of gain is measured by
the parameter a1. Note, we have framed the Hinglish class as being the fittest
of all classes. Thus we assume someone can leave the Hinglish class only due to
physical death, modeled via the −d1H term. The Bilingual class gains speakers
from the Monolingual class according to the direct product B ×
(
M
H+B+M
)
. The
rate of gain is measured by the parameter ε, furthermore they loose speakers to the
Hinglish class according to the direct product H ×
(
B
H+B+M
)
, where the rate of
loss is measured by the parameter a1. Furthermore we assume that there is extreme
competition for jobs involving English (call centers, etc.) and thus there is a loss
term in the Bilingual class that measures this, given by B ×
(
B
H+B+M
)
with the
rate of loss measured by the parameter d2. Lastly the Monolingual class only looses
speakers to both the Bilingual class and the Hinglish class, but are also logistically
controlled.
It is important to note here that although we assume competition in the Billingual
class, no competition is assumed in the Hinglish class. The reason for this is the
earlier interlocuter hypothesis that we make. Note we are modeling change within
speakers, though it’s only allowed for the Bilingual and Monolingual classes. That
is, once a person becomes a Hinglish speaker he does not leave that class except
due to natural death. Thus a Hinglish speaker is unable to gain a job requiring
fluent English, and will also not revert to Monolingual Hindi status. This also fits
with what they say for a generic model in [29].
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4.2. Equilibrium points and stability. The nontrivial critical point (H∗, B∗,M∗)
is given by
(4) M∗ = K
[
α1 + α2 + 1− (ε1aα2 + α1ε)
1 + α1 + α2
]
, H∗ = α2M∗, B∗ = α1M∗
where α1 and α2 are defined as;
α1 =
d1(ε+ a1)− aa1ε
d1d2 + aa1 − d1a1 , α2 =
ε1a+ α1a− d1(1 + α1)
d1
For the positivity of the equilibrium point (H∗, B∗,M∗) we require that the
following parametric restrictions hold;
d1(ε+ a1) > aa1ε
d1d2 + aa1 > d1a1
ε1a+ α1a > d1(1 + α1)
α1 + α2 + 1 > ε1aα2 + εα1
The evaluation of the Jacobian at equilibrium is standard. If we let bi,j denote
the respective entries of the Jacobian Matrix, with i, j = 1, 2, 3, we see that if the
following parametric restrictions hold,
H∗(a1 − d2)−M∗(ε+ d2) > 0
ε1aH
∗ + εB∗ < (H∗ +B∗ +M∗)2
0 < H∗(ε1a− ε) < εM∗
a1H
∗ +M∗(a1 − ε1a) > 0
b13b32 − b33b12 < 0
b31(b11 + b33) + b12b23 > 0
then the nontrivial equilibrium point (H∗, B∗,M∗) is locally asymptotically sta-
ble. This is easily checked via application of the Routh Hurwitz’s condition [54].
Note that one distinctly sees the effect of the refuge parameter a, in these condi-
tions. We next simulate the system (3) for various parameters, to explore possible
diachronic outcome scenarios.
4.3. Conditions for a “Hinglish” invasion. An interesting result is that if one
consider the three species language model (3), and the following parametric restric-
tions hold
(5) (ε1a− d1) + (a1 − d1) ε
d2
> 0, d2 > ε2
then the equilibrium point (0, B¯, M¯) is locally asymptotically stable in R2, but is
a saddle in R3, with unstable manifold in the H direction.
This is because, if we consider (H,B,M), in R3, the Jacobian (J∗H) of the
Hinglish extinction state (0, B¯, M¯) is given by
J∗H =
 g1(0, B¯, M¯) 0 0B¯ ∂g2∂H B¯ ∂g2∂B + g2(0, B¯, M¯) B¯ ∂g2∂M
M¯ ∂g3∂H M¯
∂g3
∂B M¯
∂g3
∂M + g3(0, B¯, M¯)

Solving for the eigenvalues we obtain from the roots of the characteristic equation
that the eigenvalue corresponding to the H direction λ1 = g1(0, B¯, M¯). The other
two λ2, λ3 are found to be negative. Now if λ1 = g1(0, B¯, M¯) > 0, then we have
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Figure 3. In this simulation we use the best fit parameters from
our optimisation routine, ε = 1.092, d2 = 1.81, ε1 = 1.2, d1 =
.0561, a = .05, a1 = 1.3900, K=4000. The initial conditions used
were H0 = 1,M0 = 1870, B0 = 47. Thus we assume there are
about a 100,000 Hinglish speakers in 1961, where the number of
Monolinguals is 187 million, and Bilinguals is 4.7 million. The
initial number of Monolinguals and Bilinguals are drawn from the
1961 Indian census data. Our goal here is to simulate the effect of
a few Hinglish speakers on the population (while keeping the best
fit parameters from our optimisation routine). What we observe in
the simulation is that due to the presence of the Hinglish speakers,
the Monolinguals and Bilingual numbers actually decrease from
about 1965 onwards. The Monolinguals rise again from 1971, but
the Bilingual numbers continue to drop. Interestingly, by 2001
the Monolingual numbers are similar to actual census reports of
about 400 million. However, Bilinguals are down to a few hundred
thousand, with Higlish speakers being in the hundreds of millions.
instability in the Hinglish direction. The sufficient condition for the positivity of
this eigenvalue is derived to be (ε1a−d1)+(a1−d1)α = (ε1a−d1)+(a1−d1) εd2 > 0.
The above condition tells us that if the rate of gain of speakers for the Hinglish
speakers ε1a+αa1 is more than their death rate d1, or equivalently if their fitness is
high enough, then even a few Hinglish speakers will be able to establish themselves
sizeably in the population. That is a “Hinglish” invasion will take place.
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Figure 4. In this simulation we adjust parameters and choose
ε = .4, d2 = 1.81, ε1 = 1.1, d1 = .11, a = .09, a1 = 1.63, K=4000.
The initial conditions used were H0 = 1,M0 = 1870, B0 = 38.
Thus we assume there are about a 100,000 Hinglish speakers in
1961, where the number of Monolinguals is 187 million, and Bilin-
guals is 3.8 million. The initial number of Monolinguals and Bilin-
guals are drawn from the 1961 Indian census data. Our goal here
is to simulate the effect of a few Hinglish speakers on the popu-
lation (while deviating from the best fit parameters our optimisa-
tion routine). What we observe here is that the Hinglish speakers
take much longer to start to increase in numbers. It is not till
about 1990, that there numbers increase distinctly. By 2001 we
see that the Bilingual numbers are close to census reports of about
40 million, and Monolingual numbers are also at about 370 mil-
lion. However, there are about a 100 million Hinglish speakers in
the population, more than twice the number of Bilinguals. This is
very interesting as 1990 corresponds with the time that mass scale
economic liberalisation started in India, leading to an English out-
break.
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Figure 5. Here we numerically illustrate (B,M) are stable in the
absence of H , that is in R2. If there are no Hinglish speakers
(H = 0) B,M do not deviate from equilibrium, under a small
perturbation.
4.4. Bilingual Extinction State. In the absence of Bilingual speakers, the model
(3) reduces to,
dH
dt
= H
[
ε1aM
H +M
− d1
]
dM
dt
= M
[−ε1aH
H +M
+ 1− M
K
]
The equilibrium point for the above is given by (H∗,M∗) = (βM∗,M∗), where
β = ε1a−d1d1 and M
∗ = K[1 − ε1aββ+1 ] Thus for positivity of the Bilingual extinction
state we require; β = ε1a−d1d1 > 0 and [1 −
ε1aβ
β+1 ] > 0; This yields ε1a− d1 > 0 and
1 + 1β > aε1
The Jacobian is given by;
J∗B =
(
− H∗M∗aε1(H∗+M∗)2 H
∗2aε1
(H∗+M∗)2
− M∗2aε1(H∗+M∗)2 M∗[ aε1H
∗
(H∗+M∗)2 − 1K ]
)
Note, Trace(J∗B) = −M
∗
K < 0 and Det(J
∗
B) =
aε1H
∗M∗2
K(H∗+M∗)2 > 0. Therefore via
standard stability theory the Bilingual extinction state is locally asymptotically
stable in the H −M plane. We now ask the following question: what is the effect
of introducing a few Bilingual speakers into the population? That is if we consider
R3. In this case we obtain that the Jacobian (J∗B) of the Bilingual extinction state
(H˜, 0, M˜) is given by;
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Figure 6. Here we numerically illustrate that although (B,M)
are stable in the absence of H , that is in R2, under certain pa-
rameter restrictions, there is actually a saddle node dynamics in
R3. Essentially this demonstrates that if the fitness of the Hinglish
speakers is high enough, then even a few Hinglish speakers will
be able to establish themselves sizeably in the population, and a
“Hinglish” invasion will take place.
J∗B=
 H˜ ∂g1∂H + g˜1 H˜ ∂g1∂B H˜ ∂g1∂M0 g˜2 0
M˜ ∂g3∂H M˜
∂g3
∂B M˜
∂g3
∂M + g˜3

Solving for the eigenvalues we obtain from the roots of the characteristic equation
that the eigenvalue corresponding to the B direction λ2 = g2(H¯, 0, M¯). The other
two λ1, λ3 are found to be negative. If a22 = g2(H¯, 0, M¯) < 0, this will result in
stability in the Bilingual class over time. a22 < 0 is equivalent to (β+1)d2 > βa1−ε.
This condition tells us that if the competition coefficient among the Bilinguals d2
is more than the net gain of speakers to the Bilingual class, then a few Bilinguals
will not be able to establish themselves in the population.
5. The PDE Model
5.1. Formulation. Populations disperse in space, while space can also itself influ-
ence their interactional dynamics and language outcomes. Thus it is important to
consider the effect of geographical factors on the language dynamics of the three
classes. Similar to the approach taken in [22, 9, 21, 17, 19].
We consider a reaction diffusion version of (3), where the local randommovement
of the Hinglish speakers, Bilinguals and Monolinguals is modeled via diffusion. The
interaction terms between speakers in the three classes are kept the same as in (3),
and so we obtain the following system of partial differential equations
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∂H
∂t
= D1∆H +H
[
ε1aM
H +B +M
+
a1B
H +B +M
− d1
]
(6)
∂B
∂t
= D2∆B +B
[ −a1H
H +B +M
+
εM
H +B +M
− d2B
H +B +M
]
∂M
∂t
= D3∆M +M
[ −ε1aH
H +B +M
+
−εB
H +B +M
+ 1− M
K
]
Here D1, D2, D3 are the diffusion coefficients, that is the speeds with which
the populations disperse. The spatial domain is Ω ⊂ RN , N = 1, 2. Neumann
boundary conditions ∇H · n = ∇B · n = ∇M · n = 0 on ∂Ω, are prescribed, as are
suitable positive initial conditions H0(x), B0(x),M0(x).
The reaction terms here provide no obstacle to global existence of solutions, and
apriori estimates on the solutions is established via standard methods [65]. This
says there is a global attractor A for the system, which is the repository of all the
long time dynamics. It attracts all bounded subsets of L2(Ω) in the L2(Ω) metric.
The attractor in certain parameter regime, is a simple one point attractor, that is
the spatially homogenous steady state (H∗, B∗,M∗).
5.2. Turing Instability and Turing patterns. Turing instability occurs when
the positive interior equilibrium point for an ODE system is stable in the absence of
diffusion, but becomes unstable due to the addition of diffusion. This phenomena
is also referred to as diffusion driven instability, [66]. To see if Turing instability
exists in (6), we first linearize the system (6) about the homogenous steady state, by
introducing both space and time-dependent fluctuations around the feasible steady
state solution (H∗, B∗,M∗), and apply the well known procedure [67] to derive
the instability conditions in three species models. The result is that the diffusive
language model (6), with equilibrium point (H∗, B∗,M∗), does indeed posess Turing
instability. Thus we can get Turing patterns by choosing an appropriate range of
parameters. This results demonstrate that different diffusion rates of the Bilinguals,
Monolinguals and Hinglish populations can cause geographic inhomogeniety akin
to [17]. This is a basis for the formation of rural and urban centers. Some Turing
patterns are shown in the following simulations,
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Figure 7. In this experiment we consider an initial condition
where the equilibrium is perturbed by 0.005cos2(5x). Here we per-
form a 1-d simulation. The parameters used are a = 1.000; a1 =
0.3800; ε = 0.910; ε1 = 1.190; d1 = 0.381; d2 = 0.31;D1 =
0.01;D2 = 0.01;D3 = 0.00001,K = 1; H∗ = 0.336;B∗ =
0.050;M∗ = 0.120. What we observe is that a stripe like Tur-
ing pattern is formed. The simulation starts of with the spatially
homogenous steady state H∗ = 0.336;B∗ = 0.050;M∗ = 0.120,
but soon the Turing instability picks up, and leads to a spatially
inhomogenous state. A contour plot in the x − t plane is shown
for the density of the Hinglish speakers. The simulation is run till
t = 1000.
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Figure 8. In this experiment we consider an initial condition
where the equilibrium is perturbed by 0.005cos2(5x)cos2(5y). Here
we consider a 2-d simulation. The parameters used are a = 1, a1 =
0.38, ε = 0.91, ε1 = 1.19, d1 = 0.381, d2 = 0.31, D1 = 0.01, D2 =
0.01, D3 = 0.00001,K = 4× 108. What we observe is that a maze
like Turing pattern is formed. The simulation starts of with the
spatially homogenous steady state but soon the Turing instability
picks up, and leads to a spatially inhomogenous state. Here a con-
tour plot of the density in the x− y plane is shown for the density
of the Bilingual speakers. The simulation is run till t = 3000.
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6. Discussion and Conclusion
While earlier language competition research has focused on deriving models that
match existing census data and only explores canonical “languages”, we investigate
the effect of a hybrid Hinglish obligatory code-switching population based on three
types of empirical field evidence. Contemporary Hindi-only reality show data and
independent sociolinguistic interviews demonstrate Hinglish code-switching, sup-
porting our hypothesized Hinglish population. Our hypothesis for a rural strong-
hold for Hindi Monolingualism is confirmed with rural NDTV interview data, which
does not demonstrate Hinglish. Based on this field evidence we model Indian lan-
guage shift via a three-species predator-prey framework with a prey refuge, which
better reflects the reality of the Indian context and sociolinguistic findings from
other (post)colonial and language contact scenarios. Furthermore we model exces-
sive competition for resources such as jobs, within the Bilingual class through a loss
parameter. The inclusion of a rural refuge with limited urban movement provides a
way to operationalize the pervasive strength of the Hindi population and the links
between interactional patterns, fitness and conversion within the Hindi Belt. Our
application of a three-species predator-prey model, field evidence and subsequent
introduction of localized ecological factors conditioning Indian language dynamics
are intended as a first step toward the quantitative modeling of hybrid language
competition and Indian language dynamics.
The modeling results show via (4) that a coexistence state is possible within these
three classes, and is probably the most realistic outcome. Although a Bilingual ex-
tinction state is possible, this is less statistically likely. There will always be true
Bilinguals, given religious, cultural and business domains that require Monolingual
Hindi or English. This is also in line with the coexistence results of [29, 7, 26].
The result via the parameteric restriction (5) is perhaps the most interesting. This
says that for ε1 (the rate of gain of the Monolinguals into the Hinglish class), sig-
nificantly larger than d1 (the death rate of Hinglish speakers), there is a saddle
node dynamics, with instability in the Hinglish direction. This means that an
introduction of even a very small number of Hinglish speakers can lead to them es-
tablishing a large population, if they can convert Monolinguals to Hinglish speakers
“efficiently” enough. This implies that Hinglish speakers whose fitness is above a
certain threshold will always establish themselves in the population. This then is
requirement, for a “Hinglish invasion”. The Turing instability result seen via Figs.
7 - 8 demonstrates that different spreading speeds of the Bilinguals, Monolinguals
and Hinglish populations can lead to geographic inhomogeneity. This is a basis for
the formation of rural and urban centers.
There are many possibilities for future reseacrh. Note in reality, there is also
“backward” migration. That is, a small percentage of people may move back to
villages from urban areas, and there are also rural-urban commuters. Some people
will often commute 2-3 hours a day (by trains etc.) to go into cities for work,
and commute back to their villages at night. It is conceivable that these people
could bring Hinglish to rural areas. This is not considered in the current model.
It would also be interesting to consider the effect of spatial refuges, and spatially
dependent diffusion coefficients for the populations. While we focus on the Indian
setting, unbalanced multilingual competency and limited access to the dominant
or newly developed hybrid practices can lead to obligatory code-switching in other
settings: the ecological factors and outcomes addressed here are not unique to the
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Indian context. Instead, they reflect a dynamic process involving various types of
interactions and classes which are conditioned by their local ecology, Collectively,
these better explain both creole development and the emergence and staying power
of other hybrid mixed practices, e.g. Singlish in Singapore and Taglish in the
Philippines [1]. In addition, localized ecological factors need to be considered in
future language dynamics modeling efforts more broadly.’ The other approach one
might take is to try and model possible controls, that might suppress Hinglish and
reinforce true Bilingualism, similar to the recent approaches in [6, 26].
Another future direction of interest to researchers applying statistical physics
methods to language dynamics, would be the analysis of corpora that contains
Hinglish, in order to test if various statistical laws such as Zipf’s law hold for
emerging varieties of English like that in India, and/or for hybrid varieties like
Hinglish. Lastly, while our modeling approach builds on various definitions to
predict possible future language dynamics in the Indian Hindi belt, it also provides
a means to explore hybrid language competition dynamics in other settings across
the world.
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